analyzed acute gHV68 infection of IL-10 deficient mice, we found that IL-10 limits the 48 frequency of both myeloid and effector CD4 T cell subsets in the infected lung, with 49 minimal changes at a distant mucosal site. These data emphasize the unique insights 50 that high-dimensional analysis can afford in investigating antiviral immunity, and provide 51 new insights into the breadth, phenotype and function of IL-10 expressing effector CD4 52
T cells during acute virus infection.

INTRODUCTION 54
The gammaherpesviruses (gHVs) are a group of large dsDNA lymphotropic 55 viruses which include the human pathogens Epstein-Barr virus (EBV) and Kaposi's 56 sarcoma associated herpesvirus (KSHV), and the small animal model murine 57 gammaherpesvirus 68 (gHV68) (1-3). The gHVs establish a lifelong infection in their 58 host, with most infections in immunocompetent hosts asymptomatic. In contrast, 59
immunosuppressed individuals are at a significantly increased risk for the development 60 of a variety of chronic pathologies, including gHV-associated malignancies (4). 61 gHV infection is critically regulated by the immune system, and gHVs have 62 evolved numerous strategies to either subvert or avoid immune destruction, thereby 63 facilitating lifelong infection (5-7). Among these, IL-10 is a multifunctional cytokine that 64 downregulates the expression of multiple pro-inflammatory cytokines and cell surface 65 molecules, and can influence a wide array of immune cell types (8-10). IL-10 is a 66 frequent target of manipulation by the herpesviruses, with some gHVs, like Epstein-Barr 67 virus (EBV), encoding their own IL-10 homolog (11, 12), whereas other viruses, 68 including murine gammaherpesvirus 68 (gHV68), inducing cellular IL-10 (13). IL-10 has 69 been reported to regulate multiple aspects of gHV68 infection. For instance, gHV68-70 infected IL-10 deficient mice fail to control leukocytosis, have greater splenomegaly and 71 a reduced latent load (14), with these mice susceptible to an exacerbated inflammatory 72 bowel disease (15). IL-10 has been reported to be induced in B cells by the gHV68 M2 73 gene product (13). IL-10 expressing CD8 T cells have also been observed during 74 chronic gHV68 infection in mice depleted for CD4 T cells, an immunosuppressive 75 4F, and 5) were subjected to isotopic barcoding using the Fluidigm barcoding kit (Cell-131 ID™ 20-Plex Pd Barcoding Kit, Fluidigm) prior to staining with the primary surface 132 stains. Antibodies used for these studies are listed in Tables 1-4B. All antibodies that 133
were directly conjugated to isotopically purified elements were obtained from Fluidigm. 134
In each of the CyTOF panels, a subset of antibodies were detected using a secondary 135 detection approach, with FITC, PE, APC or Biotin-conjugated antibodies (clone and 136 source identified in Tables 1-4B where the samples were subjected to isotopic barcoding (Figures 1, 3 that markers used for gating imported populations were not used for clustering). All 155 parameters used for clustering are indicated in the associated Tables. PhenoGraph was  156 run with the following settings: 1) files were merged using either the merge method 157 "min" (Figure 1, Figure 2A , and Figure 3 ), all ( Figure 2B ), or "ceiling" (Figure 3-5) , 2) 158 files were transformed using the transformation method "cytofAsinh", 3) the 159 "Rphenograph" clustering method was chosen, coupled with the "tSNE" visualization 160 method. All other settings were automatically chosen, using default PhenoGraph 161
settings. 162 163
PhenoGraph-based visualization. PhenoGraph-defined clusters were displayed on tSNE 164 plots within the R package "Shiny" (23). Within the "Shiny" application, cluster color was 165 altered or colored according protein expression. Multiple .csv files were produced by 166 PhenoGraph, including "cluster median data" and "cluster cell percentage," which were 167 used to determine cluster phenotype, distribution between conditions, and statistical 168 significance between groups. 169
170
Software used and statistical analysis. Software for data analysis included: R studio 171 (Version 1.1.453), downloaded from the official R website (http://www.r-project.org/); the 172 Cytofkit package (Version 3.7), downloaded from Bioconductor 173 (https://Bioconductor.org/packages/release/bioc/html/cytofkit.html), Excel 16.15, FlowJo 174 10.4.2, GraphPad Prism 7.0c, and Adobe Illustrator CC 22.1. Cytofkit was opened using 175 unpaired t test, with statistical significance as identified. For contexts in which we tested 177 statistical significance across all of the identified nodes/clusters (Fig. 4, 5) , statistical 178 analysis was subjected to multiple comparison correction in GraphPad Prism. 179
RESULTS
181
High-dimensional analysis of effector CD4 T cells during primary gHV68 infection. 182 gHV68 infection induces diverse effector CD4 T cell subsets throughout the course of 183 infection (24) . To provide a high-dimensional analysis of effector CD4 T cell function 184 during primary infection, the lungs from gHV68 infected mice were harvested at 9 days 185 post-infection (dpi), subjected to pharmacological stimulation with PMA and ionomycin, 186 and analyzed by mass cytometry using a panel of 35 isotopically purified, metal 187 conjugated antibodies (Table 1) . CD4 T cells were initially analyzed for expression of 188
IFNg and TNFa expression, two hallmark effector cytokines elicited in antiviral CD4 T 189
cells. Between 40-60% of CD4 T cells harvested from infected lungs expressed either 190
IFNg, TNFa, or co-expressed IFNg and TNFa (Fig. 1A) . IFNg+TNFa+ effector CD4 T 191 cells were more frequent than either IFNg+ or TNFa+ single positive cells (Fig. 1A) . To 192 gain an unbiased perspective on the phenotypic diversity within these cytokine-defined 193 effector CD4 T cells, we next subjected these cell populations to the PhenoGraph 194 algorithm, to define cell clusters present in each cytokine-defined subset (25 PhenoGraph defined 16 CD4 T cell clusters present in the virally infected lung (Fig. 1A-198 B). The relative frequency of these cell clusters was notably affected by whether cells 199 (Fig. 1C) (Fig. 1C ). These data demonstrate that gHV68 elicits a diverse set of CD4 T cells during 214 lungs were harvested at 6 dpi and subjected to mass cytometric analysis, where 224 samples were stained with a metal-conjugated, anti-GFP antibody to detect the IL-10reporter ( Table 2) . As anticipated, gHV68 infection resulted in prominent changes in the 226 frequency and distribution of PhenoGraph-defined clusters relative to mock infected 227 lungs ( Fig. 2A) . When we analyzed the cellular distribution of the IL10gfp reporter, 228
IL10gfp expression was detected in a fraction of cells in infected lungs, primarily within 229 CD4 T cells (Fig. 2A) . 230
Infection of IL-10 transcriptional reporter mice afforded a major advantage over 231 ICCS, as it measured IL-10 mRNA expression without the need for additional 232 pharmacologic stimuli which can alter cellular phenotype. We therefore focused on CD4 233
T cell phenotypes in either mock or virally-infected lungs using the PhenoGraph 234 clustering algorithm, which identified 16 CD4 T cell clusters across mock and gHV68 235 infected lungs. Virally-infected lungs had an increased number of CD4 T cells relative to 236 mock-infection, with a pronounced shift in CD4 T cell clusters ( repeatedly injected with anti-CD3 antibody. Cells were harvested and subjected to mass 261 cytometric analysis using a panel of 34 antibodies (Table 3) . When CD4 T cells from 262 these two conditions were subjected to the PhenoGraph algorithm, we identified 20 263 clusters of CD4 T cells (Fig. 3A) . tSNE plots of CD4 T cells for each condition revealed 264 largely non-overlapping cell clusters, suggesting phenotypic divergence (Fig. 3A) . 265
Across both conditions, five of twenty CD4 T cell clusters had above average 266 expression of IL10gfp (Fig. 3B ). There were large differences in the frequency of 267
IL10gfp+ cells among CD4 T cells between conditions, with ~10% of CD4 T cells that 268
were IL10gfp+ in the spleens of anti-CD3 antibody injected mice and ~50% of CD4 T 269 cells that were IL10gfp+ in gHV68 infected lungs (Fig. 3C ). When we analyzed thephenotype of IL10gfp+ clusters between these two conditions, we found a significant 271 phenotypic divergence. Within anti-CD3 antibody injected mice, the highest frequency of 272 IL10gfp+ cells were found within a FoxP3+ regulatory T cell (Treg) cluster (Fig. 3D) . In 273 contrast, IL10gfp+ clusters that were dominant in gHV68 infection were CD44 high 274
Lag3
high PD-1 high Tbet+ and FoxP3-, suggesting they may be either Tr1 or Th1 cells 275 (Fig. 3D ). These data emphasize the multiple potential cellular sources of IL-10 that can 276 occur with diverse stimuli, and reveal that virus infection elicits a distinct effector T cell 277 phenotype when compared to anti-CD3 antibody injection. identified in the colons of gHV68 infected mice (Fig. 4A-B) . Cell clusters were further 288 defined based on canonical lineage markers, to quantify the frequencies of distinct 289 leukocyte populations (Fig. 4C-D) . When we compared cluster distribution between B6 290 and IL10KO mice, we found pronounced shifts in cellular distribution between B6 and 291 IL10KO infected lungs, particularly among CD4 T cells (Fig. 4C) . In contrast, colons 292 from virally-infected mice had a very limited number of changes in cell clusters at this 293 time post-infection (Fig. 4D ). Among the cell clusters present in infected lungs, IL10KO 294 mice had a significantly increased frequency in two cell clusters: i) PD-1+ Lag3+ CD4 T 295 cells (cluster #14), and ii) a small, but significant, increase in CD64+ cells (cluster #25) 296 (Fig. 4E) . Colons from infected IL10KO mice had a selective increase in the frequency 297 of CD64+ cells characterized by a CD11b+ CD11c+ phenotype with variable CD103 298 expression (cluster #13) (Fig. 4F) . Cluster #13 was unique among CD64+ clusters in 299
CD11c and CD103 expression relative to other CD64+ clusters in the colon (Fig. 4F) . 300
These findings suggest that during acute gHV68 infection that IL-10 constrains the 301 expansion and/or survival of effector CD4 T cells in the lung, and further constrains the 302 frequency of CD64+ mononuclear phagocytic cells in both the lung and the colon. 303 304
IL-10 dependent regulation of effector CD4 T cell function during acute γHV68 305
infection. Next, we sought to define how IL-10 regulates CD4 T cell effector function 306 during acute gHV68 infection, as revealed by intracellular cytokine staining analysis. We 307 compared CD4 T cell function between gHV68 infected B6 and IL10KO mice by ICCS 308 using mass cytometry. In contrast to the clustering analysis done in Fig. 1 , CD4 T cells 309 for both genotypes were subjected to PhenoGraph-defined clustering using 32 markers 310 including IFNg, TNFa and IL-10 (Table 1) , identifying 16 unique clusters (Fig. 5A ). CD4 311 T cells were predominantly CD44 high , consistent with a large effector CD4 T cell 312 population in virally-infected lungs at this time (Fig. 5B) . 7 of the 16 PhenoGraph-313 defined clusters showed expression of either IFNg, TNFa and/or IL-10 ( and TNFa+, and triple expression of IFNg+ TNFa+ and IL-10+ (Fig. 5B-C) . When weanalyzed the frequency of CD4 T cells stratified by cytokine expression, we found that 317 B6 and IL10KO mice had comparable frequencies of TNFa+ single positive and IFNg+ 318 single positive CD4 T cells (Fig. 5C-D) . As anticipated, IL10KO mice had no detectable 319 IL-10+ CD4 T cells (Fig. 5C-D) . B6 mice had a significantly increased frequency of 320 cytokine negative CD4 T cells (IFNg-TNFa-IL-10-) relative to IL10KO mice (Fig. 5C-D) . 321
In contrast, IL10KO mice had a significantly increased frequency of IFNg+ TNFa+ 322 effector CD4 T cells (Fig. 5C-D) . While IL10KO mice had an increased frequency of 323
IFNg+ TNFa+ CD4 T cells relative to B6 mice, both genotypes had phenotypic diversity 324 within this cytokine producing subset, including cell subsets with partially overlapping 325 expression of CTLA-4, GITR, ICOS, Lag3 and PD-1 (Fig. 5E ). These data demonstrate 326 Beyond insights on IL-10 dependent regulation during gHV68 infection, these 388 studies demonstrate the power of high-dimensional approaches such as mass 389 cytometry to investigate the regulation of the immune response at a global level. By 390 applying mass cytometry to CD4 T cells, our studies provide direct evidence for 391 extensive phenotypic diversity of antiviral effector CD4 T cells elicited during primary 392 viral infection. We anticipate that future studies, integrating mass cytometry with host 393 and viral genetics, will afford new insights into the underpinnings of antiviral CD4 T cell 394 function from a high-dimensional perspective.
FIGURE LEGENDS 396 397
Figure 1. High-dimensional analysis of CD4 T cells elicited during primary gHV68 398
infection. Mass cytometric analysis of cells recovered from the lungs of gHV68 infected 399 C57BL/6J (B6) mice at 9 dpi, subjected to intracellular cytokine staining (ICCS) 400 analysis, using a 35 antibody panel ( production from CD4 T cells subjected to pharmacologic stimulation with PMA and 404 ionomycin. The mean ± SEM for each population is identified in each quadrant. Events 405 in each quadrant were further analyzed using the PhenoGraph algorithm and plotted 406 using the tSNE dimensionality reduction algorithm. Events were imported into 407
PhenoGraph and clustered on 8,320 events total and 30 markers (clustering parameters 408 identified in Table 1 the lungs of gHV68 infected B6 or IL10KO mice harvested at 9 dpi, with cells subjected 507 to pharmacologic stimulation for intracellular cytokine staining analysis (ICCS), using a 508 35 antibody panel (Table 1) and IL10KO (n= 5) mice harvested 9 dpi, with cells were further stimulated with PMA 522 and ionomycin for five hours after harvesting for ICCS. Data for B6 mice were also 523 included in Figure 1 , subjected to different clustering parameters (as outlined in Table  524 1). Data show mean ± SEM with individual symbols denoting individual mice, with 525 statistical analysis done by unpaired t test, corrected for multiple comparisons using the 526 
